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Ring-Shaped Pieznelectric Cauge for Shcck Tube*

R.oA Sioese, AL

DIRANETZ,T AND B4 8

BODeNsikis

iekigh Univeraity, Bechichem, Penaizslrania
(Recelad Mareh 12, 1083)

FYYRANSIEN'T nressures in Auids Lave buen studiet by piezo-

electric elements having a disk or slab shape.t A piccuciediiic
clement which conforms to the curved wall of a shock tuhe has
been constiucted of barium titanate ceramic; this mrierial can b«
molded into various shapes and the oricntation of its piczoelectric
axca chosen at will. Minimum disturbance of the flow, a large sen-
sitive area, anid simplicity of mounting result from the symmetry
of the ring-shaped clement whose inside dizmeter is the same ns
that of the shock tube.

The mount for the piezoelectric element is shown in Fig. | ihe
gauge mount can be inscrted between flanges at any point ir ihs
shock tube. The 13-in. i.d.X 13-in, o.d. X 3-in. cerninic elerment is
of Glennite No. 103, inade by the Guiton Marufactuiing Corpora
tion. Silver platings on the inside and ontside surfaces serve us
electroides both foi initially polarizing the cersniic in the rdis
airection and for pickup electrodss when it is used us a piczoelee-
tric zlzment. The outside eiccirode is electricaily insulnted from
the duralumin mount by n '+ ite ring and by & . thick Weo-
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Fuo i Monar for ring-lyise piczoelectric element. O rings Tormn gas
scals where the mount ix balted between flaages of the siack tube. § Inch
diames=: hardened steel pine ure used at all loinis for alig meut. The luner
clectrode 18 grovaded with 0.003.juch golid foll saldered to siiver phallig
und pressed between daralimin monat and rubber seal.
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116 20 Osefllogaaphic secornl of polentinls apgearing arress 1wo RANIRKes
asul o condenser conneceed in parallel we 1w o akiing <hiocks e The
sutlden iercanes in pressire witi the urrival of eieh shock ot n Hanm™  angee
dampesd s hratious {m\'iuzx the watural frequency of the clemei.

prene rings, The Iatter nre gas seals which a’so el to damp the
free vibrations of the piczoelectric cicment.

The approximate characteristics ol:served for the three gauges
which have besn built are

<de leakage vesistance - > 200 meghins,

capacity - 0.005 uf,

sensitivity —~1000 uu coutnmb/nsi

naturil frequency —45C 104 se¢™)

aamping of natural vibrations ~half amplitude -in 73 psec.

Pressures above 60 psi have not been used so the ultimate strengeh
of the element is not known. The clechrical hehavior of the cicinzut
is such 1hnt it does vot huve s cipacitance in the oxdinary sense;
the vatue given was obtaineil by momentarily shunting the ele-
ment across n chargerd 0.03 uf coinlenser and noting the change
in potential difficrence with an clectrometer.

The dc amplifiers are used in recording the trzansient patentials
appearing across the gauge. The input amplificr has a floating
mnput grid so that the input impeddance is greater than 108 ohms
aadd shunting capacitars of 0.05 uf or grester may be used to
permit recarding during 30 msec intorvile withoni an abscrvaide
clectrical iransient. RU coupling with 4 secons] time constant is
used 10w de cathade -y detlection amplifer The cathode-ray
spet s reeorded on 35-mm fitm in 4 rotating drum.

Figuie 2 is a portion of a record. In this example, two yauges
21n apart in the shock tube are in paraltel with u 0.1 uf capacitor
Two shocks, one overtaking the other, are hoth recorded at
cach gauge.

The reproducinility of records obtained by successive trials
with identical starting conditions is within the 2-3 percent
accuracy with which the deflections on the film can be measured.
However, the proportionality of deflection on the fitm to pressure
in the shack tube has not heen denonstrated. Thic gauge sufiers,
in commaon with alt piczoclzctric gauges, the disadvantage ihat it
cannat be cafibrated statically. ‘This and three other types of
pressure gauge have confirnied a continuing rise in pressure of the
gas in the shock tube after the shock pasacs.

Thus, cven though the pressure jump acvoss the shock is
known {iom shiack velocity measurements, so that the initial vise
can be celibrated, it is not possible to calibrate the long-time
chasacteristic of the gauge in the shock tube by assuming constant
pressure in the flow following the shock. An ohscrved temperature
sensitivity of the gauige has been reduced, probaiiiy 10 a neg'igibie
level by covering the inncr surface with Scorch Electrical Fape.

* Supponed by the U7 S, Office ol Navial Researele
t Gulaar Mannbucturing Corporadion, Metnchen, New Jerwey.
v B Arons aaid Kt Cale, Rev. Sei, Tnstr, 21, 31 (1950).
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is port which comprises the Ph,.,D. thesls of the

uthor descrites the design, development, and tsst-
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-~ for translent flow measurements, and presents an
extensive set of measursments made of gss density

throughout shock tube flows. This worl constitutes
a part of a program of study of transient flow of
gases in a tube, jointly supported by ONR and the
Physlcs Department. The ressarch reported herein

was performed from September 1951 to February 1954,
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A new instrument measurlng absolute gas dunsivics in
unsteady tlows as a functlion of time has been devesloped.
The instrument 1s best sulted to the study of one-dimens
sional fiows without steep density gradients; its chief
advantage lles in the absence of any essentlal limitation
to the sextent of a flow which it con record. by studying
the density variation in space and time throughout primary
shock tube flows in a 3,5 cm diameter tube, 1t has heen
found that 1) the gas density increases within the hot gas
by as much as 50% of the density increase egcross the shock,
2) the cold front spreads out, eventually occupying a space
along the tube equal to 60 tube diameters, and &) the den-
sity deoreanes within the rarefaction in the chamber bty
only 80% of the decrease which would occur in the centered
isentroplec weve ordinuarily assumed in the 1ldeal shock tube

thecry.
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Predictions of the gas flow in & shock tube ars gus-
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i1s suppecsed that immeciately upon bursting the diaphragm
which 1Initlsally divides the tule into the high pressure

chamber and the low pressure chkannel, a shock and & rare-

factlon form at the diaphragm position. t this instant

and at this posltion, the shock and the rarefaction are
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uent flow 1is one dimensionel, adiabvatic,
and inviscid, interacticns with the walls of the tube are
negiscted., It is considered that the flow is uniform and
stexdy betwoen the shock and ra efaction with a contect
aurface moving with the gas from the dlarpnragm position,
The shock progresses down the tube with a constant speed.l

Under conditions at which shock tu%es ars usually
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agree reasonably well with cxperimental results, It is
generaily recognized, however, that the agreement 1is not

exact. Measuremonts havc shown tuais the sheosk valogle

2,%,4,5

ty and the density change acroass the shiock? are less
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1, The mathematical treatment of tho ideslized shock=-tube
fiow 1s eumarized in appendix C.

2. Bleakney, vwelmer, and Fletcher, Rev, Sci. Instr. 20,
807 (1949)

3. R. . Emrich anda C. v. Curtis, J. Appl. Phys. 24, 360
(1952)

4, R. N, Hollyer, Jr,, Engineerling Research Report TO IV,
University of Michigan (1953)

5 PB. K, Lcbb, Institute of Aerophysics Report No. 8, Uni.-
versity ef Toronto (1250)
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than predicted by theory. The shock veloclty is not con-

stant as the shock travels dewn the tude,.® It has teen

demonstrated that the replon of flow between the shock and

wamiafastdiar 4o mAat o Farem annA ,_.4-,."-.,-1..4.5;8
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Further study of iiie precesses taking place in the
shock tube requires more detalled measurements throughout
the entire extent and durastion c¢f the flow, Of the perw-
tinent variables wnich may be used to specify the flow -~
tomperaturs, pressure, density, particle velocity, shock
velocity, eand Mech number -- only shock velocity and den-
sity have been demonstrated to be susceptible to absolute
measuremont . Shock velocity measuvements, howaver, only
glve information on the flow dlrectly bshind thes shock.
Therefore the sec~nd veriahle susceptible to absclute
moagurement, the density, was measured by optical inter-
ferometry for the further study ¢f shock-tube flow which
is presented in this thesis,

To find gss density by interferometric means through=-
out the ontire extent and duration of the flow, measurement
can be made elther over & reglon in space at a given time
or over a perlod of time at a given position, The first of

these methods has been applied to the study of a wide range

W e W = = T em en M W @w = O G = W m W@ Su W % 4 = S m W@ W = -

6o Fo. W, Gelger and C. #, Mautz, Englneering Research
Institute Report TO IV, University of Michigan (1949)
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of ‘.')I‘Obl@uag_. cut the measurement throuchout the 13_rgv

extent and duration of the shock-tube flow is performed morse

et't'iclently over a period of ULlwe at a fixed position. The
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> poriorm this
termed the "chrono-interfercmeter’,
The 13 meter long shock tube prcviously used in the
shock velocity lecas studies® and studies of shock formation
and growth7 was avalilab'se. Thls tube 1s constructed of
1-3/8 inch diameter brass and Lucite tubing in inter-
changeable sections. The sections of tubing, which are
bolted together at flanges and sealed with "O" ring gaskets,
are supported by clamps fixed to a heavy five-inch steel :
beam, Llight stations for shock detecticon, and two record=
ing oscillograpns with accurate time bases over 20 milll-
second intorvals were elsc -.vailable, A chrono-interfero-
meter was constructed to observe demsity wvarlations in this
shock tube; the variatlons were recorded on one of the
osclillograrhs,
This thesis 1s divided 1into two parts: the design,
constructicn, and testing of ths instrument comprise part

A, whlile the density measurements in the shock-tube [low

are presented in part B,

7. A. B. Laponaky, Institute of Research Report TR 1,
Lehigh University (1951), See also A. B. Laponsky and
R. J. Emrich, J. Appl. Phys, 2%, 1383 (1953)
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A schematlc dlagram of the chrono-interferometer con=-
structed 1s shecwn in Fle, 1. This instrument employs the
Michelaon zrrangement of cpclcal parts. After passing
through *the shock tube, the iight beam in ons arm ct the
instrument combines with the beam in the other arm to pro-
dice a single fringe across the entire fleld. The slze of
the {ield is determinsd Ly the 1/8" Aiameter of the windows
W3 thelr size was chosen such that sufficient light passes
to operate the phototube without excessive deformation of
the interlor shock-tube surface. The resultant 1light in-
tensity cn the rhototube depends upon the relstive phase of
the interfering beams} the intensity varies with the index
of refraction, and hence with the density ot the gas in the
tube, A tilme record of tho rhototubel!s output 1s made on
an oscillourapn.

The time dependence of density in shock-tube flow was
measured at four positions in the channel and at four posi-
tions in the chamber, These measurements extended only
over the primary flow, that 1s over that portion of the
flow unaffected by reflections from the closed ends of the
shock tube. The maximum duration c. primary flow was
achioved for each of the four positions vy arranging the
shock tube as shown in Fig, 2, Measurcments of channel

and chamber flow were accomplished by &a&r-ranglng the higher
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initial pressure acrozs thz diaphrepgm on the left hand and

rigcht hend sides rcspectively. Flows In nitrogen rosult-
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1tisl diaphragm pressure ratios of approximately
2, 10, and 50 were measured at each poslition, The flows
studied include cases in which the hot gas and the cold gas

are each either subsonic or supersonlc,
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PART A. THE CHRONO=-INTERFEROMETER
IT Dosign and Constiruction of the Instrument

2,2 enernl Features.

Fhotographs cof the interfermmoter constructed for use
on the 1-3/2 inch dismeter shock tubo are shown in Figs,
3 and 4. The instrument 1s supported from belo. by the
steel bsam on which the shock tube iz mounted, The
Michelson arrangement of components 1is employed. One of
the interferling beams passes through the shock tube and
recombines with the other interfering beam to produce a
single fringe over the instrument's fleid, which 1s limited
by 1/8" diameter windows in the shock tube. The relative
phase of the intorfering beams is dependent upor the lndex
of refraction -- and hencs the denslty -~ of the gas in
the tube. The measurement of the ges density during the

by photcoleetrically

"'i
[¢d]
L

i
4

:-I'
)_I

transient shock=-tube flov is obt
recording the variations of the fringe pattern's light
intensity on an oscillograph. The alternative method of
recording an intarference pattern directly on moving flim
nas been employed elsewhere 8, 9, 10; the oscillographic

recording of a phototubs 31gnal has the advantege that a

- e w = - - - - - . - - - -~ - - wm - us e W s e W e e o

8« R. Ladenburg, J Winckler, and C, ¢, vVan Voorhis, Phys,
Rove, 73, 1367 (1948)

Q¢ Jo Winckler, Rev. 5ci. Instr, 19, 307 (1948)

10, D. Bershadsr, Rev. Sci, Instr, 20, 260 (1949)
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higner writing speed 1s vosaibleo, since the writing spesd
does not depend upon the intensity of the interfering beams.
2.2 Design,

In the chrono-interferomster the light intensity should '
be high, the relative phase of the interfering beams should
be constant over thne field of vlew, and the extraneous light
on the phototube should be minimized.

Tho requirement of hieh intensity suggests en inter=-
feromater which can be used with an sxtended source. The
Michelson arrangement was chiczsn mainly for 1ts simplicicvy
and because double sensitivity to changes in gas dsnslty
is provided by the double passage of one interfering beam
through the shiock tube., The Michelson interferometerts
inabllity to localize fringes9 at any deslred position 1s
no restriction since the instrument is used with a gsingie
fringe adjustment. L<ght is furnished by a GeEe.lOv/7,.54/18
sound reproducer lamp operated with direct curront. A
vlestern Unlon X100 concentrated arc source was also inves=-
tigated as a possible source. In ths current appliication,
the higher radiancy of thils source 1s not needed; further-
more the inherent instability of the arc was found tc¢ result
in slowly varying changes in 1ight intensity which are record-
ed by the phototube as spurlous fringe shifts. To 1nclude

the meximum amount of 1lirht available from the source in the

- . v ekl R+ BN SRSt b S - . e e - S




interfering bonms, the short foeal length lens desipgnatod
by L in Plg. 1 produces an Images of the lncandescent fila-
ment larger than W.1 somewhera between the entrance and exilt
windows of the instrument. Tho window Wl, together with its
equivalent opening in the diaphragm D;,; dotermines the stop
o %he systoms. After reflectilon at the mirrors, theso same
stops 1limit the angles that the rays muwe with the optic
axis. The cono of limiting rays that can pass the stops
is completoly intercepted by the lens L. The light source
is made monochromatic by a 1 inch square Bailrd interforence-
film filter which has a half-intensity width of 150 K cen-
tered about 5460 K,

Since this insvrument 1s designed for use on a shock
tube of circular cross-section, the window openingss in tha

tube wall had to be kept small to minimize distortion of

the inner cylindrical surfaco of the tubve. Small stops are

ala:

3

ecessary go that the gos density very as little as

possible over the csross-section of flow a2t any instant dur-
iny the measurcment., A lower limit to the stop slze l1ls set
by the radlancy of the source and tho sensitivity or the

phototu . The choice of 1/8% diasmcter 1s a compromise to
setisfy light intonsity requiremonts and minimcl distortion
2% the shock tube. The amount of light transmitted through

the 1/8" dlameter openings spauced cffectively four inches

, - e D M VP e e e~ mes - oot e b e i =




apiart 13 sulliclent Jor operavnion oi & 9Z1A photo-multipller
tuvbe with a signal to nolse ratio onf ten, R, A, Shunk has

‘ shown that slits as narrow ss 1/32" car be uacd to atop
down the Interferometer fleld %efore phototubo nolse cexceods
aignal from changing fringe intensity,

The phase difforence of the interfering rays in the
smergent beam of 1llght cun be mande osseontinlly ocnstant
over the 1lluminated surface of the phctotube without the
usoe of sn extra lens, It has been chown that the criterion
for o constant phasoe over the phototube surface 1s that the
instrument te ndjusted for a singls fringo over its fieldll,
Since the single fringe 2adjustment is used in the chrono-
interferometer, no lens is necedcd to focus the fringe on the
phototube,

Tn order to minimize scattered light faliing on the
photctube, covers are placod ovor the llght source, the
InterZeromotcr, and the phototube, non-reflecting coatings
are uacd on the shock~tube windows (W), and their compen-

sating eloments (C_), and the diaphragms D, and D4 (Fig. 1)

3
are used to collimatc the emergent Interfering beams. The
cnver over the lipght sourcc 1s provided with a forced alir

draft tc romove the heat pgilven off by the lamp., A sheet

11, C. W. Curtls, R. J. Emrich, and John Mack, "A Chrono=
Interferonater for Mensuring Gas Density Muring “rensient
Flow.", Rev. Sci., Instr., (To be publishcd}

B R A Ve e et e T SR ~ — - e



mutal case {(not shown in Fips. 3. 4) comnlotelw o
intorferometer to serve the dual purpose of a dust cover
and a draft shleid to eliminate thormal air curreats in the
outsido iInterferometer team.

243 Optical Comnonents.

Although the use of small stops means that small opti-
cal comporents can he used, the requlrcment of single fringe
adjustment 1mposas a rostrictlion ot high optical quality on
vine components, The basic Michelson components -« the beam
splitter B, 1ts compensator €y, and the mirrors M1 and M2
(Fige 1) ~- were purchased from Gacritner Selentiflc Co.,
Cnicago, Ill. The cataloix specifications of these come-
ponents are: "a pair of 15 x 25 x 5 mm thick matched plates,
flat to 1/10 wavelernp:.. parallel to 1/4 wavelength; 2 pyrex
mirrors, front surfaces aluminized,
19 mm Iin dlameter.” The flatnoss of these components was
not checked directly; however, the surfaces of the matched
plates were found to be parallel only to 1 1/2 wavelength
ocver tncir surfacas,

The shock=-tube windows nnd thelr componsators were con-
structed to our spacifications by Perkin-Elmor Corp., Nor-
walk, Conn. These windows are plug shaped (Fig. 1) and

mountod wiill the inside surfacs tangent tc tho shock subels

wall, The speclal shock tubc section for mounting these

B e ] =S
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were specifled to be cut from the same plece of glass,
flat to 1/4 wavelength, parallel to 1 wavelength over 1/8%

of surface, and each element to have non-reflecting coat-
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0.,060" deep recess in the shock tube wall were omplovsd in
early tests of tho instrument, These recesses affected the
flow (Secs. 3.4)e Plug shaped windows of Tucite wore also

tried; however, the Lucite used waz not sufficlently homo=-

geneous to permit the attainment of a singie fringe even in

e 1/8" diamoter fileld,
The quality of an interferometer's opticel components
18 readily judged by the quality of 1its white-light-fringes

and the nature of the single fringe obtainable. Equal dis-

ey

persion in each intorfercmeter erm will result in a whitoe-
light-fringe pattern which has good color aymmetry centered

about a dark central fringel2, The size of the single fringe

cbtaired is zlso a measure of flatness af compononts. With

the Geertner compenonts a single fringe ocan be obtainod over

entireo fleld, approximately 12 mm in diameter, V1th the

— -

12,

Normally one might expect the central or zeroth friange
to be wnite, as the two interferin~ boams should be 1n
phase for all wavelengihs at the polnt of zoro path

~~~~~~ one Antionfar=
ing beam undergones intcrnal reflection and the other ex-
ternal reflection at the beam splivter, with 2 consequent

phaso difference of t; the zeroth fringe is dark,
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STHiIn-Linmol «ilndows und thelr compensator: in vlace a single
fringo is readily obtained over the 1/8" diameter fiold. The
white light pattern 1s well defined, and the color 1s sym-
metrlc about a dark central fringe., Elight colored fringes
are distingulshable on cach side of tho zeroth fringe. A
close ocxamlnation of the z:roth frinmec with the singlc fringe
ad justment shows that a purplish tinge exists in parts of
the flovld. Thils 1s presumnbly due to a lack of perfect com-
pensation,

2.4, Mochanical Construction,

The principal problem of mechanicnl design 18 to pro=
vide supports for the optical compononts which wlll allow
dolicnte adjuatment and yet romain frec of vibration during
a moasurement ,

All tho optical componcnts, with the excoption of thne
shoek=-tuke windows, are held in houvy mounts vhich in turn
arc bolted tc n hoavy 1ron casting, The window mounting 1is
discussecd 1latcer in thils section, The plan drawing ol ihio
interferometcr (Fig, £; doplcts the arrangement of components
on the cas%ing, The mounting surfaces of the casting are
milied flat to 0,0Ci", Fig. 4. a photograph of the inter-
foromotcr bed with the window secctlion and the various light
¥

and drwit shilcids removad, shows the arrangomont of optical

elements on the casting. The casting 1s supnorted by two
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ploces of 1/4 inch flexible conveyor beltine attached to
clamps on the 3twel boam as shown in Fig., 4., Originnlly
the shock-tube window scction was deslgned to be bolted
ricidly to the casting which in turn was to bo rigidly
fastoned to tho stecel beam., It was found that vibrations
worro inducea in tho o
these vibraticns could be oliminated by removing all
diroct contact betwoen the shecck tube and tho Intcerforometer
ted, (Soc. 3.4)

The 1light source iz mountced at the sido of the cast=
ing by a bprackot permitting slight adjustmont for align-

mant, The lons and fillter for the source are fixed 1in

T2ont of the beam splitter on the casting. Thc window com-

£

pensators and the dlaphragm D2 (FPigs 1) are mounted on
gommen holder (Fig. 5) in front of the mirror Mz' Tho
vhototube socket 13 mountoed in a sheet motal box which 1is
belted to the easting on the side of tho emcrgoent beam,
The sheot metal box contains electronic components associatad
with the phototube,

The ichelson components -- the beam splitter, 1its
compensator, and the two mirrors -« are ceach clampod at
throo polnts in thelr mounts. The been 3plitter and 1ts
compensanor 2ro adjusted by tilting their mounts with shims,
In nirder to ndjust the interferometor to thie zcroth fringo,

a Ting screw S4 is provided to translate the¢ mount of mirror



Mo al~ng machined ways pnrullel to the optic axls., The
finacl adjustment of the inter/erometer is accomplished in
the mirror mounts which orovide slight rotations of the
mirrors; thess rotational adjustments operate on thoe prin-
ciple of working a woak spring against a strong spring. The
detuils of the mount for mirror Ml are given in Fig., 6. Tie
adjusting scrows S1 and So acting against steel spri..g arms
rotate the mirror by bending the strong central support. The
movable mirror M, has a rotational adjustment 33 which oper-
ates on the same. principle. This latter adjustmont provides
extra flexibility which, alth~ugh unnecessary, has proven
to be convenicnt,

The windows are mounted in » dursluminum section vhich

can be inserted at any Joint of the 1-3/8" diameter tube

(8]

o forw & part of the shcolz tuke, The mounting of the wine
dows 1s indicated in the crose sectlirnal drawing Figs. 7.

The inner aurfaces of the windows are flush with the shock
tube's inslde surface at the section shown. The shock tube
wall curves away from the flat 1/8% diameter windows leaving

a maximum recess in the shock tube surface of 0,0045", Each
window is pressed against the duraluminum section by a brass
insert and a Neoprene pmasket as shown. The pgas seal furnished
by the Neoprene gaskets 1s adeguate over the pressure range
from vacuum to 75 psi. 3Speclal flanged sections of tubing

are jolnod to each end of the window section. These sections

‘.
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allow rotation of the window section tc permit optical align-
ment without disturbing the remalnder of the siczk tuke,

The range of adjustment of optical components has dean
purposely sacrificed for rigidity of mount., This requires
gnment of the interferometer selements,

The dlignment prrcedure corsists nf five steps: 1) the align-
ment of beam splitter and mirrors before the shock tube win-

dows and theilr compensators are put in place, 2) the location
of the zeroth fringe position, 3) thne adjustment of the com-

pensating plate (Cy), 4) the pousitloning of the windows, and

thelr compensatcers, and 5) the alignment of the ligh%t source,
phototube, and the auxillary apertures.

The first step positions the beam splitter at 45° to
the mirrors, and makes cartaliln that the final fringe adjust-
ments can be made within the range of the fine mirror adjust-
ments. The seccnd step assures that the optical path lengthe
in the two arms are sufficientlv near to sach other so that
subsecuent adjustments can be made with visible fringes using
light passed by the wide tand filter. The third stev pro-
vider equal dispersion of the lignt in the two arms and 1s
also necessary to permit adjustment tc a single fringe pat-
ternn. Step four aligns the shock tube windows centrally on
tha optic axis. The last step minimizes scattered light and
selects the light contributing tc the fringe pattern on the

phototube surface,

e b D i U ~ e
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The third step is ermewhat difficuli and will be de-~
gcribed in more detail; 1ts lmportance 1s nct emphasized in
mcst descripticns of the Michelson Interferometer, and tech-
niques for achieving optical parallelism of ihe veam splitter
and 1ts compensator are not usually suggested, Two cgually
satisfactory techniques have been developed, One consists
in using the two plates asz though they were elements of &
Jamin refractometer (Fig. 8a); the compensating plate is
ti1lted until white-light-fringes appear and then adjusted for
a single fringe. The second techmlique employs the circular
Fabry-Perot fringes seen with monochromatic light in each
of the plates viewed normally (Fig. Bb); the compensator
is tiltsed until the centers of the two patterns coincide,

2.5 Recording Equipment

The phototube pickup and transducer circuit *s shown
in Fig. 9. In order to record steady or slowly changing
transient flows, long period response of the phototube oute
put 1s needed. Therefore the voltsges for the 931A are ob-
tained from electrecnically regulated p~wer supplles, The
dynode voltages are furnished by a serles of resistors con=-
nected across a regulated negative supply varlable from
-400v to -1000v13, With the amount of light available a

maxinum signal to nolse ratio of ten to one 1s obtained

" B em e e em ma e R ew e e e s G M e = w

..... B . VNt W v S e s mei e - e e e e




e e o B i m e S e

(B) FABRY-PEROT FRINGE TECHMIGUE

Fie. 8 TecHniques Fon ApJdusTiNgG Beam SpPLITTER
AND CompeENsATiiG PLATE To AccuxaTe PARALLELISM
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using 65 veolts per dynode stags. The O31A esnode supply
voltage of 150v 1s furnlished by s sepsrate electironically
regulated su.pply.14 The vhototube anode load valus 1is chosen
to develop a signanl size sufficlent to drive a 12AT7 cathode
follower stare over its linear range., The signal at the
phototube anocde 1eg applied to the orid of the cathode fol-
lower stage by RC coupling with a 0,25 sccond time constan® .
The cathode follower i1s mounted next te the phototube (Flgs.
3, 4)« The varlation of the resultant intensity of the inter-
fering beams from a maximum to & mimimum procuees a change of
approx‘metely O.1 vclt at the output of the cathode follower.
This signal is transimitted by ocoaxial cable to the deflec=-
tion amplifier of a cathode ray oscillograph,

The oscillograph used to rscord the interferometer sig-

nal empioys & bDumont 3JP1lS cathods

3

ay tube. The deflection
amplifier sensitivity 1s 0.08 v/inch. Instead of using a
8ingle sweep across the tube face tc provide a time base, a
more exXtended time base 3s obtained by focusing the image of
the cathode ray spot on 3% mm film held in & rotating drum.
The 42.5 cm diameter drum r»ntates at 1800 rpm; this rotation
yields a time base of 25 usec/mm on the film, The cathode
ray spot 1s intensified by an initiator puise at the tegin-
ning of an oxperiment and remains on for one drum revolution

14, Elmore and San
EETL; Ne Ts &1

Electronics, p. 317 icedel 50, MecGraw-
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cr about 3C miiliseconds. The o=cillograph has a second
cathode ray tube with separate defloction amplifier ana
scparate optical systom which focvsse the cathods ray spot
on the same 35 mm film, Thus twn recording chiannels are
avallavie for simultaneous recording of tim: dependent 1infor-
mation. A crystal controlled osciliator supplles time marke
ers for either or both channels.

In order to obsserve very slow changes in the intensity
of the interfering veams an external microammeter 1ls tempor-

arily shunted acrcss the phiototube load resistor as indicated

in Fig. 9.
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IIT Denslty Msasurement wlth the Chrono-Tintarferomater

3.1 Baslic Interforometric Equation.
The variation of fringe Intensity 1s interpreted as a !

density change in the shock tube gas which lles in one arm

of tha interferometer, This interpretation 1ls depsndont
upon the reliationship Gelween density snd index of refraction

of a transparent medium, The relationship between refractive
index and fringe shift fcr a transparent medium inserted
in one erm of a Michelson interferometer 13 readily estab=-

lished, If the fringe shift of s fringes 1s observecd when

the gas of refractivy findex n enters the evacuatad space |
cf tnlckness 4, and if the light source 1is monochrcmatic

with a wavelength A, then

a A= (n-1)24 (5al)

In thelr work on the refraction and dispersion of alir,
rarrell and Searsld polat out that three expressions have
been proposed for ths relationship betwoen index of refrac-
tion, n, snd denslity F: for a transparent medium at a par-

» 18

ticular wavelength. These sxpressions in historical

order are:

- M e m B e L S 3 e @ @ @ e w W e @ ™ - e e e am B Gy A s e

15. H. Barrell and J. E. Scars, Fhil. Trans. A238, 1 (1939)
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const, Gladstone«Dale

III n2~; = const, Lorentz=-Lorenz

lewton found (I) to be true for a large number of lig-
uids, and Laplace infsirred (I) on the basis of the undula-
tory theory of liesht, (Gladstone and Dale -6 put forth (II)
as an enplrleal expression in agreement with measurements on
theo refractivity of water, alcohol, cavrbor disulphide, and
othar ligulds at different temperatures. H. A, Lorentz 2nd
F, Lorenz derlved expression (III) independently on theoreti.
cal grounds. Lorentz based hils deductlons on hils own elec-
tron theory corisidered in relation tc Maxwell's system of
aguations for the e’octromagnetic theory of tight., A short
time later Lorenz dedured expression (II1l) by considering the
aggsage of light through a medium conslsting of spherical
molecules Iimmcreed in an ether having the properties of an
elastic solid.

The refractivity of gases at normal densitles is small,
and the expressicns (1) and (I"7' »educ) in first approxi-
mation to the Gladstone-Dale ex -+ .slon (II). Furthermors,
68 (nz-l) differs from Z2(n-1} only by a term (n-1)2, then

- ns e - - - Me eB B T em —aN A MR e e® =  e® - - - e e e

16, Te Ha Gladsuone, and T, ', Dale, Phil. Trans., 153,
327 1863
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for alr where n-1 = 3 x 10"'4; differancaa Iin n=1 af tha
orier of %/2 x 108 would have to be Cetected In corder to
di~btinpuish between expresaions (I), (Ii), and {IiI}. The
Gl:udstone-Dale relationship has bsen found tu Lo corrcct
fo dry air at 20°C to within 0.1% over a pressure ran
of _-&0 atmospheres.-i?’:

On the basis of the Gladstone-Dale relationship the
nurhor of Hcriodic changes in intensity of a single fringe
pabtarn, 1.0, the fringe shift, varies linearly with the
ges density. On comblning equations (IT) and (3.1) we

obtaln

i

Ap=_2_"}_ AS = L AS (3.2}

aK

where K 1ls the Gladstone-Dale constant for the gas at the
and 4 1s the distance in the Interferometer
arm ovser which the density change occurs., The constant
L = ==~ 1le g measure of the instrument's sensitivity.

Equation (3.2) is strictly valid for a monouchromatic
sowr<e. In noasurements made with the currently describved
instrument no marked devistion in fringe spacing with den-
sity chenge has been noted for as many as 120 fringes on

oric side of the zeroth fringe when usinr the 150 R band,

interference-film, filter. The conter of the filter!'s
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transmission band 5460 A will be used for A in considering
equation {(3.2).
Zs2 Tnterferometer Calidvbration,

In order tc test the performance of the interferometer
the constant L was determined experimentally for air,

4+ admde oy £ oam
-0 O0Vd il

n

nitrogen, and heXium, The procedure followed wa
a fringe count with the cxternal microammeter shunted across
the photo-anode load (Sec., £.5) while tne gas was slowly
admitted to or exhausted from the shock tube over a measured
i1sothermal pressure interval., For an 1sothermal process

involving an 1deal gas

so that

T =

“-e

M /AP
RPy 45 4
where the sutscript 1 denotes on isothermsl process, Mast
of the calibration runs were carricd out with the inter-
ferome¢ter mounted on the shock vube with the entire tube
acting as » pressurce chambhor, Since even small amounts of
alr would lead to easily detectable contamination of helium,
the lnstrument was demounted from the tube and the window

s¢~tion with a short section of Lucite tublng served as a

test section for runs in helium, This small section could

—ea e . e ks R TRy M i e @ e
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be avacuated to a pressurc below 0,3 mm of mercury. 'The

prv3-ure measurcments werc made with a dead welght pressures
gouge, and a vacuum roferonced mercury menometer, The
ambient temnerature was measured with a 0-50°C thormemster
in good thermal contact with tho window saection of the
arncck tube,

Calibratlon runs with room alr refiect the day to day
vuriatlon in water vepor content. This effoct 1s very large;
dally variations of 15% were noted in the slopss of graphs
of pressure plotted against frings shift. This oxpsrisencs
with room air indicatsd the advisability of confining the
use of the Iinterfcrometer to gases of known composition.

All subsequent experiments were carrlied out with commerclally
prepared nitrogen and heliun.

The data from the calibration runs in nitrogen are
plotted in Fig. 10, Each point on this graph represents
a separate run, and all the experimental points have been
reduced to a standord temperature (250C) azsuming idesl gas
bshavior. Tho Gladstone-Dale constant for nitrogen i1s cal~
culated from the slope ¢f the graph in Fig. 10, The formula
for the calculation of X 1is deduced from tho basic equaticn
(3.2) From Fig. 10,

K = RT4 A AP
Y oa (APs (Zgji = 2,182 ¢&n of Hg
Pig & <¢ 33’1 fringe

R = 8,3136 x 107 ergs/mole© 24 = 6,985 onm
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i1 = 28,016 gm for Ng T = 298,2%

= 13,095 gri‘.c for Hg. S 5480 X
(]
g = 380.,1 em/nec”
Sn substituring thie above values Into the formula for

K we obtalin
3

. la]

o
9,
<
<)
3

for nitrogen.

(0]
)

]
The sstimated experimental errors for the Gladstonew
Dale constant detorminavions in nitrogen and helium are

glven 1n Table I,

EXPrs. TMENTAL ERRORS IN DETERMINATION OF THE GIADSTONE=DALE

CONSTANT &

Quantity ?ercent Error ! Fercent Error
N, j He
- f
4
: e

d 0.02% | 0.02%
Ti Ool % | O'l %
APi 0002% ? 0005%
LSy 0.3 7% ! 0.6 %

|

1
K 0.4 % 3 0.8 %

I

{

The rasults of the interferometcr calltrations are
summarlzed in the table below in which the measured values

of X are comparocd with values of K caiculated from tho

- Lt tms L IR e St - ey — - —— -
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values of density and refractivity In the Internotional
Critical Tables,
TARLE TI

CLADSTONE-DALLE CONATANT K FNR Ngo AND He a1t 5460 Iy

Gas | Tagan e K | Expor imental K

l
i
_L— —
. i

litrogen ; 0.2385 cc./gm. (0,2379+0,0009) cc./gm,
]

Kelium i 0.1963 cc./em. (0.201+0,0C2) cec./gm,
T

The percencnee deviation from the handbook value eof K
for Ho 1s 2%,. which 1ls outside the estimatod experimental
error, The ceomicrclally prepared hellum is stated by the
supplier to .¢ .9% nure, although the impurities are not
given; 1t 1s 7 i{izaly that these imprritlen could account
for an uapprecinbic amount of the £% Jeviution, The differ-
ence observed could be attributed to an undctected sovroee
of contaminction in the chambers, hoses, valves, and gauges
usod to introduce and meesure the pressure of the hclium,

The constants L for Ng and He sre

Tk

3,285 x 10™° gm/ce/frirv. i

e - -5 L fn R gy s
e = 9988 x 1079 gm/ce, i,

Thus, for exnmple, an lscthermal prossuare change of one
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atmespbero will cause the followlne frinee shifts in No end

-
11€C

34,8 fringos,

4,19 fringes.
Thie enlibration runs in nitrogen justify the appiicarcirity
of the Gladstcne-Dale reclationship to messurements made with
the chronc=interferometer over a pressure rangs {Fom 1/2 to
5 ntmospheres to within 0.4%.
Sed Neasurement in Transient Flows,
Thu oscilllographic tracos in Fig, 11 illustrate the
typoes of record obtainod with the chrono-iaterfercrrter
. whon studying shock-tube flows, An undisturbcd portion of
the trace to the left corresponds to s constant gas density
preceding the arrival of n wave at the iInterferometer,
Fige 1la is the rosponse to flow in the chambsr and Fige
11lb 1s the response to flow in tho chunncl, Thorae Y2 a
background of phobotube nolse prescnt throughout tho trace:
it is spurious and is to be disregarded. The auxiliary
trace in Flg. 11b shows timins markers at 100 microsecond
intorvals.
Fig,., 11la illustrates tih *ime vuriation of intensity
of the interfering bes.ss v ... = gau density continually
‘ gcreoases durlng the prssage of a rar-.action,; A chango

e frovi on-: naximum to the next regrescats 2 change of 26
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radians ir the reiritive phnze of the interfering beams,

]
%
poo
[4)
e}

eferrod to a» a shlft of onc fringo. Theo friige
shift as o function ¢ time is read off the record, and the
density change with time 1s calculated from the fringe shift
usling the boslce Intorferometric equation (3.2),

With strictly morocrnirometle 1irht the ampiituds of
succeasive fringss weuwa oo the same and there wouid be no
way to dlistinpgulsh teb uwen arn increase and a decrease in ths
gas donsity. This amblguity = the sensc of thoe density
change is circumventew wher “he lipht source contains a

wids

="

Aand of wavolcngil.s so that the amplitude of fringes
decreasocs in golng .wav fre 1 the zeroth fringes, This offect
is evident in the rscord = .own In Fig. lla, wherc the fringe
amplitude inerenqes «1th tliic, This ilandicatoes a continual
decrense in density sinco tho zeroth tringe was set to
correspond to a donsit. helow thoe starting dcensitye
Whenever the density gradient in tho fiow becomes
steep, the variation c¢cvor thoe cross-section of the Inter-
fering light beam produzees an ~roreciable difference in the
optic paths of extrem: rays. R. A. Shunk has demonstrated
that compression waves with suc~yssively higher gradients
lecd tr sm2ller amplitude It irges c8 the difference in
optic path across the field approaches 1/2 w-velength, For

sufficiently large density graedients ti.c ~ingle fringe

&t - 2 . e
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parttorn washes out. Across n shocek, the density changes

b

R

dis¢ouvinuouzly oy an amount which mey corrocpond to a

[}

aalft of several fringos plus a fraction., WVith the pnssage
of n shock the instrumsnt detceis tne fractiomal fringo
change only; the shock appoars as =: abrupt change in in-
tensity. Such a change is ovident in the record of Fig,., 1llb.
Flig. 11b 1s the roesponse of the intorfsrometer to tho
channel flow in tho shock tube as & shock and tho hot gas
bohind the snock pass, The slow oacillatlions cppsairing on
tho record after the shock passago represent a gradual in-
croase In the average donsity of the gas, The moro rapid,
irregular fluctuations which inereasc in ampllitude with time
are belleved to be fluctuatlons in the flow and aro not due
to mechanisal vibrations of the instrumont (Sec. 3.4}. Tho
timo dependence of denaity in the reglon behind the shock is
obtainud by measuring the tringe shift as a functlon of time
following the abrupt signal which occurs ns thie shock passes;
tho busic intorferometric equation (3.,2) rolates fringe shift
to density chanre, The totsl densit:r changoe from tho value
in the undisturbed charnel gas requires an auxiliary measure-
mont of theo density at the shock discontinuity., Tho nuxili-
ary moesuroment in the presently rcport.d work consistoed of

a determination oi shock spoed,

It is found as shock tube flow develops at somc position
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In thc¢ tube that the rapid, irrceular fiuctuctions may
nttain a magnitnde which excceds a half fringe., Whenever
these slgnals exceed a hnlf fring: 2 r2linablo fringe count
in time can no longer be mnde. In order to extend the
measurcnent ¢f donsity In time it becomes nccessary to
mako use of another method of dotaermining fringe shift
referrod to as the white-light-fringe tcchnique,

when the wide-band fillitcer 1s removed from the incil-
dont beam sc that the full spoctrum of white light falls
on the phototubs, there will be no fringes and no varla-
tion of intensity cxcopt when ths gas density changos
through the reglon of white-light-frinscs. Plg. 12a shows
the Interferometcr response to the appropriato small por-

; s . ~ P I L, DR Sy
tion of a rarcfaction when using o whits light

(]

S OUT CE o

T

The rocord shows that tho frirges havo an amplitude
symmetry about & contral fringe, The amplitude of succoss-
lvo half fringos reachos 1/10th the central fringo ampli-
tude at the fifth fringe on olther side of tho zeroth fringe;
tho density change corrosrtondine tc five white-light-fringes
is not measurahly different from that causing an sgual
fringe shift with the monochromatic filter in placo.

The white-light-fringe tochniquo for obtainlng den-
sity monsurcments 1n nolsy flowsg consiats of the following

procedurc. The Interforometer 1Is adjusted so that the

e -, L Y B = S e ettt -
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zoroth Irince will sceur st o density valuo oxisting withiln

d the region of nolsy flow. Theo density at which the zerctn
iringo exlsts 1s moasured nlither by recording tho statlce
pressurec and temperature or by slowly admitting gas to in=-

¢ creaso the density from &« reference denslty to the zoroth

ea with the monochromntis

fringe density whilc counting frin

)

filter in place. The shock tube flow to be studled 1s thern

generatod while tho iInterfeilometer ie recording with a white-

kit s - v

light-fringe rusponse to 2 nolsy flow regicon., The density

! over a limited duration of the flow can be found by notlag

tho amplitude of the response as a function of time. In

viow of the large fluctuatlions present when this technique

. is rescrtad to, the donsity 1s determined only within ex-
treme¢ values and average deneity values must bo Inferred by
making rer~atsd experimonts with different zeroth-fringe
settivrs. Tho obsorvetion of density by thls technique is
not capnble of the high accurnscy obtnincd with the mono=-
chromatic light, both for tho reason just mentioned and
because the rceproducibtility of fiows initlated from the

: samo startlng condltlons 1is assumed. In Flg. 12b the largs
amplitude pulses appearing in the right half with only upe

. ward deflection are due to the intcercoeption of thoe light

i boam by fragmonts of the shattered diaphragm,

H The white-llight~fringe technique can be used to detcrmine

. e = o T e e e D G Iy L < e
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thie de 11ty change across 2 shock dlscontinuity. Howaver

| g

nascoiacles in tho determination of treo zeroth fringe den-
sity, "nd in the moasuroment of fringe amplitude load to an
error of + 1 fringe.

3s4 Twsts of the Chrono-Interferomcter

crisin thnat the deflections obscrved on the
oscillograph rucord accuratoly represent density changes
during a measurement, the fnstrument was subjected to a
sorles of tosts. In particular, the scnsitivity of the
instrument to mechanical vibrations and the offect of the
windows on the flcv were investigatcd. Tho tosts are
summarlzcd in this secticn.

a) Vibration Tests.

One attempt in design of the instrument to obtein
froedom; from mechanical vibratlon ccnsisted of fastoning
all parts together rigidly; the window sectlion was bolted
rigidly to tho casting which in turn was rigidly fastonad
tc the beam supporting the shock tube. Rocords ¢f channel
flow taken with this mountine revealed deflections from

o

ignals reaching the instrument ahoad of the shock, These

[41]

signals were attributed teo inducod mechanical vibrations
cf optleal olements, This was shown by taklng a rocord
as a sheck was reflocted from 2 solld plate before reach-

ing the interferometars Slnce no gas could lenk past the

oyl e e P A1 . IV AT i e e
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nlota, ony alonnl ohearved in thic menrnoer de Adue to induced
mechanicnl vibrations of optical elementse A smnll ampii-~

tude 1000 cps sipgnul anpoared on the record before tho

shock ruflection, atter reflectlon the signal amplitude

Irnnranoanld A f AT H Luloima A=A s 2l T Fomas P I .
AN NS A e e LA W A AACA A L &L J.LIE)U wlidd\a vii o .LESL‘U e Py U\o‘\--~bl\-ﬂ \JLA“L‘&V:\.&
to 5000 cps which deogencrated to a 2000 cps slgnal in 8

macc, The half-fringe nmplitude of the signal was main-
tained for tho remainlng 20 msce of tho rocord,

Tho successful deslgn of the mounting to free the
instrument from mcchanical vibrations consisted in 1solat-
iapg tho Intorferomoter Led from both the supporting beom
and the shock tubo, The bed was effeoctlvely isnlated from
the beam by using two pleces of 1/4 inch thick rubborized
fabrlc (convayor bulting) for support. The window soction

woa annnantard hy £hoe oo
w2 2Uuppertel Ly L o

h a Alrmtn. WhAnd t\ &5

(3] ~lr_
Cidehd dpapy wAdULUNDT

Cuo

no part touchod tho bed. "hon a similar test by shock
roflection nhoad of the intcrferometer wus applicd wlth
this mounting, no signal zcppeared on tho record prior to
shock reflection. Shortly after rceflcction a 1000 cps
signal appeared on the reccord whoesc ampiitudo was lcoss than
1/10th of a fringe. Since the shock reflection test pro-
duced vibratlons much moro scvere than those experienced in
normal shiock-tube operation; the appearance of only this

small signal is considered to signify abacncc of mcchanical

oo - -~ . B TR T e Y - - e eime oy
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vibraticns in normnl operation,

The dogrec of vivraticn sensitivity of the intorforometer
mount ing 2nd the mountings of optical clements 1s i1illustrated
by obsorving the phototube omtput slernals duc to vibrations
caused by hammering the suppeort bsam and tho shock tube, and
by tapping the various mounts. A sharpg hammer blow on the
support beam near the intoerfercmeter or on the window seoc-
tion of the shiock tube 13 rejqulred toc produce a half fringe
amplltude signal., At a distance of seven meters from the
instrumont a heavy hammer blew 1s required on either tho
beam or the tube to produce 2 half fringe signal, Light
tapping of any of the optic2l roflocting olements with s
pencll produces a half=-fringc signnl, Tho compensating
slcments ere relativoly inscnsitive. The prodominant vi-
bration froquencies observed nre: 1000 cps for the movatle
mirrer My, 2000 cps and 2700 cps for the flxed mirror Mg,
and 2700 cps nnd 1000 c¢ps for the beam splitter, The high
frequency of the vibratlions observed explains why the flexi-
ble coupling of tho massive intcrferomcter base to the
support boam doos not transmit vibratlions to tho optical
elecments; at the low frequencies transmitted through the
floxible belting, the interferometor bnse and optical

olcments aoll move as a rigid whole,
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b} Wwindow Tests

nitially 9 palr of planc windows was mounted in the
shock=-tube window sertions (Fig, 7, Sec. 2.4). !'ithout
plug-shaped vwindows in the window section a cavity 1/8" in
dizmeter and 0.,063" deop is prescent on each side of the
tubos HReccerds of choancl Tlow with theso cavities 1n the
tube wall showod a high freoquouncy, iarge osmplitudo fruingeo
variation aftor tho shock arrived. Tho high freguenoy
signal damped rapldly in a few milliseconds and a rogular
varintion in fringe intensity with small. rapid, irrogular
fluctuctions superimposed followed. The high frogquoncy
signal did not appear on records taken with the plug-shaped
vindows, The high frejucncy sf; nal observed with the plane
windows 1s attributed to a distvrbance 1n the gas within
the small cavities or to dizturbances propegated from
these cavitles into ths main flow,

The typlcal records pceproduced in Fig. 13 illustrate
tho offects which have becn described, Trial 467 shows
botih the high frequency signnl after the shock arrived when
the cavities wero In thc tube wall and tho small signals
arriving ashoad of tho shock when the rigid mounting of the
Iristrument is used., Trials 585 and 590 show respectively
the efrects of introducing the flexible mount and of fill«
ing the cavities 1n the tube wall with the plug-shaped

windows . The highk frcquency signnl completely disappears

.- - e 2 - e ek A IV AT T AR on o 7 v i & - -
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SHOCK ARRIVAL INCREASING TiME —

TriaL 467 N2 GAs CHamneL Fow 812 FROM DiaPHRAGM
R/B =366 Rigi0 MOUNTING PLANE WINDOWS

SHock ARRivaL lusncaging TIME —-

TaiaL 585 Ng Gas CHANNEL FLOW  4.55M FROM DIAPHRAGM

LEXIBLE MOUNTING PLANE WiNDOWS

SHOCK ARRIVAL INCREASING TIME—

TRIAL 590 N, GAs CHANNEL FLOW 4.38M FROM DiaPHRAGM
R/B=3 FLEX)BLE MOUNTING PLUS-SHAPED WINDOWS

Fic. |13 Tests ofF INTERFEROMETER MOUNTING
AND Shock Tuse Winpows
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when the plug-shnped windows ~rc used, Tho relativoly
high phototub. nofse level on the recerds of Fig, 13 was ,
. present during the early stages of development of tho

instrument. The removal of cxtraneous light from tho )
phototubc by diaphragms (Sccas 2.2) rosults in the laover

T

ototnhe noise =acon in thoe otlisr vrocords

r

(3]

£
bS

ko]

svel ¢f ph
sonted in thils thesls,

Aftcer the cavities in the window scchion were filled
by the plug-shapcd windows causing the high freoquency

fluctuations right aftor shock arrival to vanish, thore

8till remain irregular fluctuatlione in fringo intensity on
J records taken to observe repid flow in tvho channcl, Those '
) fluctuations are mo3t marlicd as the cold gas flows past the '

intorferomseter. Smuller fluctuntions occur immcdiatoely after
shock arrivel and during the passanc of tho not pas. It 1a
Important to chiow that all theso romaining fluctuntions,
exampls~ U . 1.2 may bo soen in Figs, 11b and 14s, are not
~ae to w3 orertious induced in mirrors, windows, ond compone
sating pirtus but arc due to fluctuations in the gas flow
itsolf. As primery cvidonce, tho complete nbsonce of these
fluctuations prior to the shock arrival at the interforometer
is citcd. PFurtncrmore, osclllaticns of the same choaracter

. do not occur whorcver the iInterferom.ter componcnts are

e purposcly set into oscillation. If the fluctantions arc
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crvaded by medhranizcrl virrotions ast up as the shock nassos

thc windows, one would ce¢xpcct thair amplitude to depend

only on thc pressure chonge acrosas the shock, Howecver when
shocks in nitrogen gns a2nd hollum gas with thce same pressure
change were scnt pest tho interferometer, the amplitude of
tho Irrogular fluctuntions In niltrogen were nearly ton

timos the amplitudes of those obsorved in helivm as shown

in the rocords of Fig. 14n and 14b., This result can readlly

ho intcrpreted in torms of fluctustions In the flow, sinco

tho dirforence in amplitudcs 1is roughly oqual to tho differ-

cnco In densitles of the two gases.18 Finally, the inftar-
fcromotor response was cobaerved whille purposcly introducing
fluctuations in the flow with a2 small perforatod bronze
strip 1nser;cd neross o diamcter of the channel cross-
scction ahcud of the intorforometor. The ireegular fluc-
tuztions on the trace (Fig. 14c) had the same charactor
but wore largor than the fluctuatlons ordinorily obsorved.
Fig: 19 shows the rcsponse of tho intcrfoeromoter to n
small amplitudo stonding wave produced in thec shock tubo
by ceoustic moans, The stauding waves werc produced as in
“undt's classic 2pparntus. Tho three r-cords shown in Fig.
1% were. obtoined with 2 standing sound wave of constant am-
plitudo and fregucncy. Trial 529 shows the responsoc when the

small induced density chonges occur around 2 density such

18, The fringe shift 1s approximately the samc for tho same
density change in all gascs (Scc. 3.2).
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| TRIAL 828 RELATIVE PHASE AT (2n+1)w/2
) N X AT ST -&i i o
L Trial 530 RELATIVE PHASE NEAR nW
TRIAL 8531 RELATIVE PHASE AT nw
Fie. IS CHrono-INTERFEROMETER RESPONSE

TO A SMALL AmpLiruoe Stanoine Wave
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; ahows the response wnen the vhase diffcerence
docs not changc through o multliple of w, snd

. shows the response whon the phase differoence

a

Interfering beams is noar a multiple of .

s changes 1s scon in Fig, l4a, where the small
fluctuations tend to be less pronounced when

is a2t the top or bottom,

L ol e — M . e v e st me ek & . I gt & b ¢ g - e we m o=

tnnt tho Interfering besms in tho Interferoms

. phase difterence near an odd multiple of mn/2,

about some multiple of w. Thils test 1llustrn

ter hnvoe &

Tricl 580

13 noar but

Trial 531

osdclllates

tss that the

error In messurement of the ampllitude of a smnl” denslivy
variation 1s greater whon the phase differenco of tho
Another illus-

tration of this variction in sonsitivity to small donsity

Irrogulor

the trace
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PART B, DLNSITY NMisstRulLiTos IN ShOCK-TUBE FLOW

cpxperiment and p’rocedure

[
<!

1 Py
o L Suuyc

-

Primary*9 shock-tube flows resulting from initial dia-

phragm pressure ratios of approximately 2, 10, and 50 nave

2

¥

R LY A, X W)
|35 SR PG Tia mAw

been studied., The flows, all started from

rv ni
Lopy A

03

at room tcmperature, are representative of the flow condi-
tions employed in shock-tube studies of aerodynamic and blast
phenomena, The initial conditioms and the theoretical f{low
conditions are summarized in Table I1I1I,
TABLE III
SUMMARY OF EXPLRINMENTAL CONDITIONS

»

Initial Diaphragm Pressure Ratio Pg/Pg
2 10 50
Flow in"the
hot gas region subsonic subsonic supersonic
Flow in the
cold gas region subsonic near sonic supersonic
Flow in the sonic to gupersoconic
rarefaction all subsonic subsonioc to subsonic
Rarefaction _ pért of all of all of cham-
Occupies chamber chamber ber and part
of_channel

Iritial Chamber !
Pressure P, 1 atm 5 atm 5 atm
Initial Channel
Pregsure Pg 1/2 atm 1/2 atm 1/10 atm

19, Primary shock-tube flow is fiow not affected by recilections

from closed ends of the tube,
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To achleve maximum accuracy of density measuremont, high
initial density 1s desirable; for e glven gas--nitrogen in
these tests--high inltial density involves high initial
pressure in the chamber. A limit-tion on initial chamber
pressurs lay in the strength of Lucite tubing used for the
shock tube, Adequate safety to porsonnel was felt to exlst
by keeping 1nitial pressures bslow 60 psiz,

with the choice of 1nitlal pressures in Table III the
entire flow in the chamber 1s predicted by the ideal shock-
tube theory to be the same for the cases P,/P, =10, and
P,/P, =60, The choiot of Po=1/2 atm was made for tne case
Po/P,=2 so that inltial chsnnel conditions would be the
same for two of the cases under study.

242 Interfarometer Positions

As described in the Introeduction end lllustrated in
Filge. 2, the chrono-interferometer was positinrred at distances
of 18, 85, 150, end 218 tubs dlameters rfrcm tha dlaphragm
clamp during the study c¢f the flows resultirg from the three
initiel conditions chosen, At euch interferomiater-to~dia-
phragm dlstance, the chember and channel lengtis were chosen
for the mizimum duration of primery channel flow resulting
from an 1irn.lal dilarhragm pressure ratlo of 103 the maximum
duration ol channel flow 1s obtained when the rsafiected shock
and rarefactlion from the closed ends of the tube arrive at the
Interferometer at the samc timc:. The basls Tfor the cholece of

lengths is 1llustrated by the x~t plot of 1deal chockwtube
flow in Fig, 16, This idealized description was used in
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determining tne cptimum arrangements: of the shock tube, the

(93]

alteration in speed of the refliected shock upan passing through

P

the cold tront being neglected for simpliclity.

Both channel and chamber flows were svudied for each

ot
2]
'3
fiy}
=
o2
[
3
®
=
ct
O

f the shock tube, Channel flow is studied by

arranging the initial low pressurc on the interferometer

side of thc diaphragm and chamber flcw is studicg by arranging

the initial high pressure on the interferometer side of the

diaphragm, The distances between diaphragm cliamp and inter-

ferometer, listed in Table 1V, are slightly different for

the chamver from those of the channel as it 1s necessary to

always keep the diaphragm breaker ian the low prcssure end,
TABLE IV

INTERFEROMETER PCSITIONS

Shock Tube Diaphragn-Teo-Interferometer Distance

|
Arrangement 2 Channel Chamber
i
| .
A : 0,630 m 0,532 m
B 2,958 m 2,943 m
C 5.285 m 5,188 =
D ! 7.622 m 7,522 m
|

L,3 Experimental Procedure

For each arrangement of the shock tube, the tube axis
is aligned to within ¥ 1 mm over the tube's 13 meter length,
The internal diameter of all shock tube sections is constant
tec X 0,001 inch, and aligning pins at all joints assure no
discontinuities excecding 0.001 inch, Nine sections of

polished Lucite ranging in length from 0,24 m to 1,22 m, and
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two brocs cections 0,86 m and 3.67 m in length, all of wi
are interchangeable, allow a choice of spacing between
shock-tube parts and flow measuring apparatus,

In saction 3.2 it was established that an experimental
procedure which assures a knowledgce of the compesition of

the gas used in the shock tube should be followed, The

(0]

density measurements were carried out with commercial "water
pumped" nitrogen, whose water vapor content is less than one
part per million, and the following procedure for filling the
shock tube was emploved, First the tube i1s blown clear of
all old shattered diaphragm material with an a2ir blast and a
new diaphragm inserted, The shock tube is evacuated by pumpw.
ing for a 20-~30 minute period; chamber and channel pressures
were then “2low the saturated water vapor pressure at the am-~
bient femperature, Nitrcgen was then admitted into the chan-
nel and tue chamber until the desired initial conditions were
reached, The gas was allowad to come into thermal equilibrium
with the shock tube walls, With careful assembly of the tube
sections a leak rate of less than 4 mm of mercury per hour is
obtained,

Static pressures above atmosphceric are measured with a
0-60 pei Bourdon type dial gaugewhioh is periodically cali-
brated against a dead weight gauge tester, Static sub-atmos-
vheric pressures are measured with a mercury in glass barometer
whose vacuum is maintained with a Cenco ‘fHyvac’ pump,

In order to minimize initial temperature gradients along

the shock tube, all light sources used with the flow measuring

e . Tnt g sttt - pryeoma - = e - e
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equipment are turned on only just prior to operating the shock
tube, The initial temperatuvre of the gas in the shoci tube

is constant within ? 0,6°C as measured by six mercury in

glass thermometers placed in good thermal contact with the
external tube wall at about two meter intervals,

The diophragm materials used are near their rupture
points at cach of the initial conditions, For PC/Po = 10 aand
50, two thicknesses of 0,002" thick laminated "Red Zip'" cello=-
phane are used, For PC/PO = 2 the diaphragm consists of one

thickness of 0,001" Dupont 200 PHT cellopkz2ne which has bheen

weakened by baking at 3500C for 30 minutes and kept desiccated,

The diaphragm is punctured by a metal probe coperating through
a sliding seal at an oblique angle in the wall of a duralumi-
num sectiocn of shock tube,
L4 Flow Measuring Apparatus
A typical arrangement of the apparatus for measuring
and recording the primary flow 1s illustrated by the block
diagram in Fig, 17, The chrono-interferometer and the oscil-
lograph designated Mark II have been described in Cropter 24
Since the chrono-interferometer cannot resolve the steep
density gradient at the check, the strength of the shock frent
is determined by recording its arrival at eight optical dz-
tection stations, Of these detection stations, whcse opera-
ting principle will be described shortly, two can be mounted
at any point along the tube, and the remaining six are per-
manently arranged in two groups of three cach, The positions
of these detcction stations are indicated for each shock tube

arrangemant in Fig, 2, The transient flow informatiocn 1is
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racaorded on the two rotating drum oscillographs which are
designated Mark I and Mark 1T in the block diagram of Fig,

17. Tie oscilliograph traces zre initiated by an electrical

et

signal from a pieroelectric gauge, which will be described '

shortly, loceted near th: diaphragm clamp, ilark I oscillo- ‘
"

graph is used as a chronograph to receord th
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at the eight detection stations,

The shock detection stations? consist of an arrangement
of three knife edges in a plane perpendicular to the shock
tube axis as shown in Fig, 18, The knife edges are adjusted
sc that light cannot pass the third knife edge; however, as
the shock front enters the light beam, portions normally
intercepted by the third knife edge are reflecteu past it
into a phototube, A Lucite bar is used to "pipe" the light
from groups of these stations to a commo:n phototube, The
rhaototube output signal passes through an inverter and a
cathode follower, and is transmitted to the Markx I chronograph
cn low impedance cable,

Signals from four phototube pickups are mixed in the
Mark I chronograph and amplified sufficiently to deflect the
beam of a cathode ray tube (Dumont 3JF1l5) whose short per-
sistence screen is photographed on 35 mm, film held in a ro-
tating drum, The Mark I oscillograph is provided with a
sweep, synchronized to a 100 KC crystal controlled oscilla=-
tor, which produces a deflection transverse to the direction
of film motion for 50 microscconds in each direction success-
ively. The motion of the film results in the zig-zag pattern

shown on the typical shock time reccrd in Fig, 19, !
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